INTRODUCTION
Recently, application of microwave power transmission has been studied in various situations. Solar Power Satellite (SPS) is one of the largest applications in this research field. Ubiquitous power source is another application of microwave power transmission.
Our laboratory has been studying the development and application of a microwave-driven agricultural electric vehicle. Power for this vehicle is supplied by microwave wirelessly from a remote transmitter. This system enables a battery-less electric vehicle without the necessity of charging.
When considering of microwave power transmission in agriculture, the effects of microwave on crops must be examined carefully, because they are not fully understood.
Various studies on the effects of short-time microwave exposure to plants were conducted. Chen et al. reported an increase in enzymes (amylase, transaminase, and proteinase) activity and biophoton emission in I. Indigotica cotyledon after exposure to 2.45 GHz, 1.26 mW/mm 2 microwave for 8 s (Chen et al., 2005) . Diminution of chlorophyll A and B, and Carotenes after exposure of 10.75 GHz, 1 mW/cm 2 microwave for 1, 2, 4, and 12 h on 14 d old Maize (Zea mays L.) was also reported (Ursache et al., 2009 ). Roux et al. reported rapid molecular response, such as changes in the abundance of stress-related transcripts, calmodulin-N6, chloroplast mRNA-binding protein (cmbp), and proteinase inhibitor (pin2) in tomato plants caused by 900 MHz, 40 V/m and 5 V/m microwave exposure for 10 min . They also reported that low electric field intensity (5 V/m), short duration (10 min) of 900 MHz electromagnetic field (EMF) evoked the accumulation of basic leucine zipper (bZIP) mRNA . These studies indicated the effects of microwave on biochemical reactions in plant body.
As a related study of SPS, Skiles conducted a longterm 2.45 GHz microwave exposure experiment (7 weeks) on alfalfa (Medicago sativa, L.). The microwave power flux density was weak (0.5 1.2 mW/cm 2 ) and no significant differences in chlorophyll content by SPAD measurement, fresh weight, and dry weight were observed (Skiles, 2006) .
Using the same 2.45 GHz frequency, Jonas exposed relatively high power (600 W) pulsed microwave with 16 and 60 Hz pulses for a short time to Momosa pudica L. and obtained a change in circadian response by measuring of petiolar folding and recovery (Jonas, 1979 Recently, microwave power transmission applications have been studied in various situations. When considering microwave power transmission applications in agriculture, the effects of microwave on crops must be carefully examined, especially in strictly controlled environment under long-term exposure. Effects of long-term exposure to 2.45 GHz microwave on the growth of Spinacia oleracea in pots were examined in 1, 3, and 5 week experiments under the controlled environment of a growth chamber. Each plant were scanned and processed by image processing software. Dry matter weight and leaf area was measured and compared between control plots (no microwave exposure) and experimental plots with microwave exposure. In the 1 and 3 week experiments, no significance was found in dry matter, fresh matter (1 week), fresh matter of above-ground part (3 weeks), cotyledon area, the second leaves area (3 weeks), and the third leaves area (3 weeks) at 5% level by Wilcoxon signed-rank test. In the 5 week experiment, a significance was observed in dry matter, fresh matter of above-ground part, and the third leaves area by Wilcoxon signed-rank test at 5% level. The cotyledon area, the second leaves area, and the forth leaves area did not show the significance. The mean dry matter, fresh matter of above-ground part, and the third leaves area of the experimental plot increased by 60%, 52%, and 57% respectively, compared to the control plot. The results indicated the possibility that the outer change of the plants required a certain period after enough accumulated effects. Another Wilcoxon signed-rank test at the 5% significance level for the 5 week experiment, excluding the pots near the patch antenna, indicated the significance of dry matter and fresh matter of the above-ground part. Eliminating the strong thermal effects on plants by this additional analysis, these results suggest little or no difference in temperature.
Keywords : growth measurement, microwave exposure, Spinacia oleracea Original Paper Environ. Control Biol., 52 (1), 29 36, 2014 DOI: 10.2525 Na transportation was also discussed in the paper. Jonas also exposed short-period pulsed microwave (600 W) to Zea mays L, and the obtained result was that the maize seedlings were the most resistant to damage caused by the pulsed microwave when irradiated at sunrise and the least resistant to damage at sunset (Jonas, 1983) . The significant production of carotenes and anthocyanins in plants irradiated at noon was also reported in the paper. Schmutz et al. reported the results of 2.45 GHz microwave exposure to young spruce and beech trees in field plots. Power flux densities ranged from 0.007 to 300 W/ m 2 , which depends on the location. The continuous exposure period was 3.5 years. No visual symptoms of damage were observed during the whole period. During the first 2 years, a negative relationship between power flux density and foliar concentrations of calcium and sulfur in beech trees was found. However, in the third year these effects were not found (Schmutz et al., 1996) .
In our previous study, root growth hastening of Spinacia oleracea at germination stage was observed under short-term (96 h) microwave exposure (Iguchi et al., 2011) .
The papers mentioned above reported inner plant changes under short-term pulsed high power microwave, or long-term or extra long-term exposure of continuous low power microwave that resulted inner substance change and no outer changes. However, there is a possibility that the outer figure differences caused by the inner biochemical changes may take a long time and disappear after a certain period. Short-term and extra long-term differences may be hidden by disturbance from the environment or homeostasis. In addition to the exposure time, microwave power can be an important factor. Necessary power level to cause changes in plant growth is not determined.
To determine the long-term exposure effects on the plant's outer figure, microwave application at a certain power flux density in strictly controlled environment should be conducted. In this study, the effects of 2.45 GHz microwave long-term exposure on Spinacia oleracea growth were examined. In these experiments, Spinacia oleracea was grown in soil under the controlled environment of a growth chamber. The experiments in this condition were not conducted in our previous study. Growth measurement of leaf area and weight was conducted to determine the existence of the effects.
MATERIALS AND APPARATUS
Plant Spinacia oleracea L. cv. Try (Takii & Co., Ltd., Kyoto, Japan) was chosen as experimental seed. Ten growth pots with 500 g soil (Takii raising culture soil; Takii & Co., Ltd., Kyoto, Japan) were prepared and watered initially with 700 ml water. Five seeds for each pot were sown at the depth of 3 cm.
Growth chamber and microwave generator Ten pots were placed in a growth chamber (NS360; Takayama, Kyoto, Japan). Fluorescent tubes were installed above a transparent ceiling panel in the chamber. On the chamber ceiling, a circular patch antenna was installed to emit microwaves on to the plants. The side walls and the floor of the chamber were covered by a microwave absorber panel to prevent microwave leaks (Fig. 1) .
The microwave signal was generated by an oscillator (TSVF-NB-F2400M-01; Tokyo Keiki Inc., Tokyo, Japan) and was adjusted using a variable resistance attenuator (AT-NJ-801; Nihon Kosyuha Co., Ltd., Yokohama, Japan). The adjusted microwave was amplified through a 5 W younger power amplifier (A250HP-R; R & K Co., Ltd., Shizuoka, Japan) and a 20 W final power amplifier (A2040-4643-R; R & K Co., Ltd., Shizuoka, Japan). The amplified microwave was split by a directional coupler (5D906; SPC Electronics Corporation, Tokyo, Japan) and was sent to the circular patch antenna within the chamber and an external power sensor (Fig. 2) .
Measurement equipment Atmospheric temperature was measured and logged by TR-71Ui (T & D Corporation, Nagano, Japan). Humidity was measured and logged by and TR-72Ui (T & D Corporation, Nagano, Japan).
Microwave output through the directional coupler was measured by a power sensor (8481B; Agilent Technologies, California, USA), a power meter (E4419B; Agilent Technologies, California, USA), logged by an A/D converter and a notebook PC. In the second 3 week experiEnviron. Control Biol. ment, microwave power was logged with another data logger (Memory Hilogger LR8430; HIOKI E. E. Corporation, Nagano, Japan). After the experiments, individual germinated seeds were scanned by an image scanner (Canoscan8200F; Canon Inc., Tokyo, Japan) and stored as bitmap files on a PC. Plant growth was automatically measured by using image processing software, ImageJ (The National Institutes of Health, Maryland, USA).
METHOD

Plant growth
Ten pots were placed in the chamber as shown in Fig.  3 . The temperature setting was 18.5°C on the control panel display, which does not correspond the actual inside temperature because of the installed microwave absorber panels. From this temperature setting (18.5°C), the mean atmospheric temperature inside the chamber was about 20°C
. The light/dark photoperiod was set to 14Light : 10Dark (hours). Plants were grown in this condition for 1, 3, and 5 weeks in the experimental and control plots. In the experimental plots, plants were exposed to microwave that was emitted from the circular patch antenna attached on the ceiling of the chamber as described in Microwave exposure below. Except the existence of the microwave exposure, other conditions were the same for both control and experimental plots.
As mentioned above, 5 seeds were sown in one pot. In the 1 week experiment, all the plants in each pot were measured. In the 3 and 5 week experiments, one plant per pot was left and the other 4 plants were removed 5 or 6 d after sowing. The pots were watered when the water in the pots evaporated and their total weight became less than 900 g. After watering, the total weight of a pot became 1,000 g.
One plot has 10 pots for both the control and experimental plots. For the 1 week experiment, 3 control plots and 3 experimental plots were tested (30 pots total for the control and experimental plots respectively). The actual total number of individuals of 1 week experiment was 115 in the control plot and 119 in the experimental plot, because not all the seeds (150 seeds for the control and experimental plots respectively) germinated. For the 3 week experiment, 2 control plots and 2 experimental plots were tested. The total number of individuals was 20 for the control and experimental plots respectively. One control plot and one experimental plot was tested in the 5 week experiment. The total number of individuals of 5 week experiment was 10 for the control and experimental plots respectively.
Microwave exposure In the experimental plots, the microwave was emitted from the circular patch antenna. The total antenna power output was set to around 18 W by adjusting the variable resistance attenuator.
Before the experiments, the microwave power flux density was measured at each center point of the pots. The measurement height was at the pot's soil surface level. Table 1 shows the estimated microwave power output exposure at 20 W output. The highest power flux density was directly under the circular antenna. The estimated values were obtained from the initially measured power flux density adjusted by the value of 20 W output. For each experiments mean microwave output fluctuated. Thus the mean microwave power flux density at each pot's center was calculated using the initially measured power flux density and mean microwave output measured during the experiment.
Measurement Atmospheric temperature and humidity was measured every 5 min. The total microwave output was also measured and logged every 1 s by using the equipment as mentioned above.
After each plot's growth, fresh and dry matter weight, and leaf area was measured. Dry weight was measured after drying in 80°C for 72 h.
Leaves were cut from the stem and scanned by the Vol. 52, No. 1 (2014) Fig. 2 Growth chamber. The chamber was covered by a metal mesh sheet. On the right side of the chamber, two amplifiers are placed. The data logger (Memory Hilogger LR8430) and the power meter (E4419B) were placed on the chamber. Unit: mW/cm 2 image scanner Canoscan8200F into bitmap format files. The resolution of the image scanner was set as 600 dpi and the image size was 210 mm 297 mm (A4 format). Leaf area was measured after binarization using the ImageJ software. Figure 4 depicts the initial state of the chamber. The ten pots were placed in the chamber according to the location in Fig. 3 . White plastic panels were placed on the inside surface of the absorber to enhance the illumination intensity. Figure 5 shows an example of the total microwave output power in the 5 week experimental plot. The output power fluctuated as shown in the graph. The mean output power for each plot was shown in Table 2 . When watering, microwave was turned off, which is shown as sudden drops (vertical lines) in the microwave output power.
RESULTS AND DISCUSSION
Microwave output
The microwave output fluctuation is synchronized to the light/dark photoperiod. There is a possibility that the lights affected the microwave output power. However, the reason is unidentified. These experiments were conducted under the long-term microwave exposure and the effects can be discussed using mainly the mean microwave output power.
Temperature and humidity Figure 6 shows an example of temperature fluctuations and Fig. 7 shows that of humidity. The temperature and humidity fluctuated according to the cooler, heater and light activations. Sudden increases of the temperature in Fig. 6 and decreases of the humidity in Fig. 7 as shown like a spike noise were derived from the open of the chamber for watering.
Environ. Control Biol. Fig. 4 Chamber and pots. The ten pots were placed in the chamber as shown in Fig. 3 . Inside the chamber, the blue material is the microwave absorber. On the inside surface of the absorber, white plastic panels were placed to enhance the illumination intensity. 
Photosynthetic photon flux density
Considering the synchronized microwave output fluctuations with the light/dark photoperiod, photosynthetic photon flux density (PPFD) was measured at the center point at the surface height of the pot No. 1 by a light meter (Model LI-250; LI. COR, Nebraska, USA). PPFD was measured as a 15 s average value. The measurement was conducted 50 times for each test, alternately when the microwave power emission was turned on and off (total 100 times). The mean PPFD values are shown in Table 3 .
Simply turning on and off of the 20 W amplifier affected the PPDF. The reason why the amplifier affected the PPFD is unknown. Significant differences were found by a t-test between when the amplifier was turned on and off. However, the mean PPFD difference was approximately 0.5%. This mean PPFD difference was little and can not be considered influent to the plant growth.
Growth measurement Figure 8 shows an example of scanned image of leaves. The leaves were cut to fit to the image scanner's flat panel. Tables 4, 5 , and 6 show each plot's mean value and standard deviation result for dry matter, fresh matter and leaf area of 1, 3, and 5 weeks. For the fresh matter from 3 and 5 weeks, only the above-ground part was measured. In Tables 4, 5 , and 6, the total values of each plot were shown for both control and experimental plot. Differences between each plot were found, however these results must be examined by statistical analysis. Therefore the Wilcoxon signed-rank test was conducted as shown in the next section.
Statistical analysis of 1 and 3 week experiment
In our previous study (Iguchi et al., 2011) , the difference of amount of growth between the control plots and the experimental plots was observed. However, no correlation was found between the amount of growth and the microwave power flux density. In this study, the ratio of fresh matter in a pot in experimental plots to that in the corresponding pot with the same pot number in control plots was calculated. No correlation between this ratio and the microwave power flux density was found. The reason why the ratio of corresponding pots was calculated is that there was a possibility that the environmental conditions among different pot position might differ.
Though there is no correlation between this ratio and the microwave power flux density, some tendency of the ratio was observed. In 1 week experiments, the ratio of all the pot position where the microwave power flux density was more than 5 mW/cm 2 except one pot position became more than 1. This means that under the microwave power flux density of more than 5 mW/cm 2 , fresh matter increased. In 3 week experiments, the ratio of all the pot position where the microwave power flux density was more Vol. 52, No. 1 (2014) than 1 mW/cm 2 became more than 1. In 5 week experiments, the ratio of all the pot position became more than 1. This result suggests that the effects of microwave may have a certain threshold level. Roux et al. reported a doseresponse relationship between the EMF applied and the amount of transcript accumulation of pin2 . Their study showed that transcript accumulation was essentially identical at the two higher doses (40 V/m 10 min and 5 V/m 10 min) at 15 min and 60 min after EMF exposure. On the other hand, there was no transcript accumulation at the low dose (5 V/m 2 min) or in the shielded plants. These results suggest the existence of the effective threshold level of microwave power flux density and exposure time.
As mentioned above, there was a possibility that the environmental conditions like temperatures or PPFD among different pot position might differ. In addition to that, the microwave power flux density at each pot position was different. Also, no clear correlation between the amount of growth of corresponding pot position and microwave power flux density. However, the existence of the effective threshold level of microwave power flux density was suggested. By these reason, differences among the mean values of measured items for the pairs of each pot position were analyzed using the Wilcoxon signed-rank test, at the 5% level of significance. Tables 7, 8 , and 9 show the results of this analysis.
In the 1 and 3 week experiments, no significance was found for all measured values. Obvious differences of weight and leaf area were not found between control and experimental plots. Compared to the 5 week experiment results, the microwave effect on the leaf weight and area did not appeared during 1 and 3 week experimental periods.
Statistical analysis of 5 week experiment
In the 5 week experiment, significance was observed in dry matter, fresh matter of above-ground part, and third leaves area. As mentioned above, approximately a 0.5% PPFD difference was found between the control and experimental plots. This difference was observed even when turning the 20 W amplifier on and off without a microwave input signal. There is a possibility that the amplifier affected the fluorescent tube circuit through the power supply line. However, this difference can be considered small enough not to affect the growth in the both pots. In total 14 out of items in Tables 4, 5 , and 6, four items showed larger values in the control plots than those of the experimental plots. The rest of them showed the differences large enough from the 0.5% difference of measured PPFD. No significant differences were found in 1 and 3 week experiments, while in the 5 week experiment dry matter, fresh matter of above-ground, and third leaves area showed the significant differences. This does not mean that there were no inner plant biochemical response effects at an early stage. These results may suggest that changes in the outer forms can be observed after a certain long period.
These outcomes were different from the results of Skiles that reported no significant chlorophyll content differences by SPAD measurement, fresh weight, and dry weight (Skiles, 2006) . However, Skiles's experiments were conducted in the same field for both the control and reference plots at the same time. Both plots were divided by a simple shield panel and were not strictly separated. This experiment design relies on the location dependency in each plot. This is the reason why we used the growth chamber to control the environment and conducted a Wilcoxon signed-rank test related to the location of the pots.
Results of Schmutz et al. that reported no visual damage symptoms contain two main different points from our experiments. One is that their experiment was conducted in a wide open-air field. The other is they exposed the microwave and observed the plants for very a long-term of 3.5 years (Schmutz et al., 1996) .
Open-air field is affected by various outer environmental factors and dependency of location is considered stronger than that in controlled environment such as in a growth chamber. These disturbances affect the possibility that the differences may be reduced or eliminated.
Schmutz et al. reported a decrease in the foliar calcium and sulfur concentrations in beech trees during the first 2 years and no significance of them in the third year in their paper. Their results suggest that the inner change may not cause the effects on outer figure immediately and that plants may have a stability or restoring ability against the effects. Our result indicated that the outer changes were found after 5 weeks. These results show that the outer change of plants may appear after a certain period with accumulation of effects of inner substances.
Our experiments were conducted with test period up to 5 weeks. There is a possibility that these changes will disappear for terms longer than 5 weeks. Roux et al. reported the relative quantity change of calmodulin-N6, cmbp, and pin2 related to the time after end of EMF exposure . The results showed that the relative quantity Environ. Control Biol. increase of them after 15 min, decrease after 30 min, and again increase after 60 min. This suggests that the plant's response is not constant and it can fluctuate after exposure. This can be considered as an adaptability or flexibility of the plants against the environment. In our experiments, the plants were exposed to continuous microwave during the experiment period. In this period, plant's inner responses might not be constant. There is a possibility that the plants showed an adaptability against the effects of microwave and after 5 weeks the accumulated effects caused the differences. As mentioned above, these differences can be eliminated after longer-term by adaptability and flexibility of the plants (Schmutz et al., 1996) . Ursache et al. reported the decrease of chlorophyll A and B, and carotenes and slight increase of dry and fresh matter (Ursache et al., 2009) . This indicates that the relationship between the inner biochemical contents and outer mass changes are not simple and cannot be directly connected. In our experiments, differences of dry and fresh matter were shown. To investigate the changes in inner plant substances that caused the significances in this study, the biochemical contents and presumption measurements of the mechanism including homeostasis should be conducted.
Atmospheric temperature and light intensity was set to the same in both the experimental and control plots. However, soil temperature and plant body temperature was not measured. Considering no significance difference in the 3 week experiment, it can be thought that there were no soil temperature significant differences between the experimental and control plots. There is a possibility that the soil's microwave absorption was marginal or the soil's heat capacity was large enough to prevent temperature increase.
Under higher power flux densities, even if there is a non-thermal microwave effect on the plants, however the plant temperature could be increased by microwave thermal effects. Direct plant body temperature measurements were not obtained. However, as the plants grew, the plant body height increased and the top of the plant approached the patch antenna. This means that there was a possibility that the plant body temperature increased. This temperature increase can cause transpiration and as a result the plant's growth can be influenced by this effect.
To estimate this effect, a Wilcoxon signed-rank test at the 5% level of significance, for 5 week experiments, that did not include pot No. 7, 8 and 10, which were near the patch antenna, was conducted. Table 10 shows the result, which indicates the significances of dry matter and fresh matter of above-ground part. Significance of the third leaves area, which is shown in Table 9 , was not found in this test. This result does not show a direct indication that there was no plant body temperature differences. However, it suggests little or no temperature difference. A new method and experimental apparatus that enables the difference between the microwave's thermal and non-thermal effects to be distinguished should be introduced.
The reproducibility of these experiments must be examined. The experimental conditions were controlled by conducting the experiments in the growth chamber while monitoring the temperature and humidity. Thus, the dispersion of the measured values derived from the environment except the existence of microwaves can be considered minor. However, for the 5 week experiment, there was a possibility that the individual dispersion affected the results, because the number of individuals in these experiments was small.
By conducting the long-term microwave exposure experiments in a strictly controlled environment, the longterm exposure effects on Spinacia oleracea over 5 weeks were observed in the dry matter and the fresh matter of above-ground. The results suggested that the plant's outer change could be observed after a certain period of microwave exposure and accumulated microwave effects. No definite harmful effects on Spinacia oleracea were observed in these experiments. However, various studies on the effects of microwave exposure on plants reported inner substance changes in plant's body. When considering applications of wireless microwave power transmission to agricultural machinery, the reason why the changes in the dry matter and the fresh matter of above-ground were obtained from our experiments should be investigated by conducting more experiments in various conditions.
SUMMARY AND CONCLUSIONS
Under 2.45 GHz microwave exposure, differences of Spinacia oleracea growth were not found in the 1 and 3 week experiments. However, in the 5 week experiment, significances were observed in the results of dry matter, fresh matter of above-ground part, and the third leaves area. The mean dry matter, fresh matter of above-ground part, and the third leaves area of the experimental plot increased by 60%, 52%, and 57% respectively, compared to the control plot. These results were obtained under a controlled environment in the growth chamber, which can eliminate disturbance from environment change. The results indicates the possibility that the plant's outer change require a certain period after enough accumulated effects. These changes would be eliminated after longer-term because of the responses and adaptability of plants. This result should be examined more carefully to determine whether it was derived from the microwave effects or simple dispersion of individuals.
The effects of long-term microwave exposure on Spinacia oleracea's growth over 5 weeks were observed. When considering the application of microwave-driven agricultural machinery, no definite harmful effects on Spinacia oleracea were observed in our experiments. However, the reason of the observed changes in Spinacia Vol. 52, No. 1 (2014) oleracea's growth should be carefully investigated, because the effects on the plant's growth over the cropping period and the quality of crops have not been clarified yet.
